The X-linked RP3 locus codes for retinitis pigmentosa GTPase regulator (RPGR), a protein of unknown function with sequence homology to the guanine nucleotide exchange factor for Ran GTPase. We created an RPGR-deficient murine model by gene knockout. In the mutant mice, cone photoreceptors exhibit ectopic localization of cone opsins in the cell body and synapses and rod photoreceptors have a reduced level of rhodopsin. Subsequently, both cone and rod photoreceptors degenerate. RPGR was found normally localized to the connecting cilia of rod and cone photoreceptors. These data point to a role for RPGR in maintaining the polarized protein distribution across the connecting cilium by facilitating directional transport or restricting redistribution. The function of RPGR is essential for the long-term maintenance of photoreceptor viability. R etinitis pigmentosa (RP) is a group of hereditary retinal diseases in which photoreceptor cells degenerate. The genetic defects underlying RP are heterogeneous, with well documented autosomal and X-linked forms (http:͞͞www.sph.uth. tmc.edu͞RetNet). Many of the genes involved code for well characterized functions essential for the rod phototransduction cascade or for the maintenance of the photoreceptor outer segment structure. Others encode unknown functions. Among the latter is the X-linked locus RP3 (OMIM 312610), which accounts for the majority of X-linked RP families by linkage studies. The retinal disease associated with RP3 appears to have an early age of onset (1) and exhibits early involvement of both cones and rods (2-7). This is in contrast with other types of RP in which rods are primarily affected followed by a secondary degeneration of cones. Because daytime vision and visual acuity depend on cone function, patients with RP3 would experience visual handicaps earlier and with greater severity than the average RP patients. The clinical expression of RP3 suggests that the genetic defect affects an essential function for both rods and cones.
The X-linked RP3 locus codes for retinitis pigmentosa GTPase regulator (RPGR), a protein of unknown function with sequence homology to the guanine nucleotide exchange factor for Ran GTPase. We created an RPGR-deficient murine model by gene knockout. In the mutant mice, cone photoreceptors exhibit ectopic localization of cone opsins in the cell body and synapses and rod photoreceptors have a reduced level of rhodopsin. Subsequently, both cone and rod photoreceptors degenerate. RPGR was found normally localized to the connecting cilia of rod and cone photoreceptors. These data point to a role for RPGR in maintaining the polarized protein distribution across the connecting cilium by facilitating directional transport or restricting redistribution. The function of RPGR is essential for the long-term maintenance of photoreceptor viability. R etinitis pigmentosa (RP) is a group of hereditary retinal diseases in which photoreceptor cells degenerate. The genetic defects underlying RP are heterogeneous, with well documented autosomal and X-linked forms (http:͞͞www.sph.uth. tmc.edu͞RetNet). Many of the genes involved code for well characterized functions essential for the rod phototransduction cascade or for the maintenance of the photoreceptor outer segment structure. Others encode unknown functions. Among the latter is the X-linked locus RP3 (OMIM 312610), which accounts for the majority of X-linked RP families by linkage studies. The retinal disease associated with RP3 appears to have an early age of onset (1) and exhibits early involvement of both cones and rods (2) (3) (4) (5) (6) (7) . This is in contrast with other types of RP in which rods are primarily affected followed by a secondary degeneration of cones. Because daytime vision and visual acuity depend on cone function, patients with RP3 would experience visual handicaps earlier and with greater severity than the average RP patients. The clinical expression of RP3 suggests that the genetic defect affects an essential function for both rods and cones.
The gene at the RP3 locus was recently isolated and found to encode retinitis pigmentosa GTPase regulator (RPGR) (8, 9) , so named because of its similarity to the regulator of chromatin condensation (RCC1), a nuclear protein that catalyzes guanine nucleotide exchange for the small GTPase Ran. The N-terminal half of RPGR consists of six complete tandem repeats of 52-54 amino acids with homology to the repeat structure of RCC1. RCC1 has an essential role in nuclear import and export through its regulation of Ran (10) . The presence of an RCC1 homology domain thus raises the possibility that RPGR might participate in some type of intracellular transport process in photoreceptors. The function of RPGR remains unknown (11, 12) . To investigate the in vivo function of RPGR and to understand the disease mechanism associated with RPGR mutations, we generated an RPGR-deficient mouse model and examined its phenotype. We also determined the normal subcellular localization of RPGR in photoreceptors. Our results are consistent with RPGR being involved in the maintenance of a polarized distribution of outer segment-specific protein(s).
Materials and Methods
cDNA and Genomic DNA Cloning, Embryonic Stem (ES) Cells, and Generation of RPGR Knockout (KO) Mice. Using the published human RPGR cDNA sequence (8), we searched the National Center for Biotechnology Information mouse expressed sequence tag database and identified several mouse expressed sequence tags sharing a high degree of homology with the human sequence, indicating that they represented mouse orthologs of RPGR. Oligonucleotide primers were designed based on the expressed sequence tag sequences and were used for PCR amplification of full length mouse RPGR cDNA from mouse retinas. The compiled sequence was subsequently found to be identical to that published by others (12) . The X chromosomal origin of this cDNA was confirmed by a PCR-based mapping method using an interspecific backcross mouse DNA panel obtained from The Jackson Laboratory (13) . Genomic fragments spanning exons 1-4 and exons 6-8 were amplified by PCR from 129͞Sv mouse genomic DNA. These fragments were cloned into the vector pGT1.8IRES␤geo (14) to generate the targeting vector shown in Fig. 1a . Linearized vector DNA was electroporated into J1 ES cells, and neomycin-resistant colonies were selected. Homologous recombinant ES clones were identified by genomic Southern blotting. Two independent targeted clones were microinjected into C57BL͞6 blastocysts to generate chimeras. Male chimeric founders were crossed with C57BL͞6 females. Nullizygous offspring were obtained through intercross over several generations. Males carrying a single mutant allele and females carrying two mutant alleles were considered to be of the same genotype for the purpose of phenotype analyses and were referred to as nullizygous or KO mice. Subsequent generations of mice were genotyped by PCR using a primer pair spanning the inserted marker. Sequences of the upstream (exon 4) and downstream (exon 6) primers were 5Ј-TGAGAA-GGTGA A ACT TGCTGCCTGTGGA AGGA AC and 5Ј-CCAATCTGCCCTTCAGAATTGTCACCCCACATAA. The sizes of the PCR products were 3.5 kb [wild type (WT)] and 8 kb (KO), respectively. RNA Analysis. Total RNA was extracted from mouse tissues. Northern blotting was carried out under high stringency conditions according to standard protocols. For reverse transcription-PCR, cDNA templates were prepared from total RNA by reverse-transcription with the Superscript II preamplification system (GIBCO͞BRL) primed with random hexamers. PCR was carried out by using a pair of primers in exon 3 (5Ј-GTAACAACTGGGGTCAGTTA) and exon 5 (5Ј-CCTTCAT-TATTTCCACCAGCTG).
Antibodies, Immunoblotting, and Immunocytochemistry. A cDNA fragment coding for the C-terminal 250-aa residues of murine RPGR was subcloned into the expression vector pET28 (Novagen). Purified recombinant RPGR was used to immunize both chickens and rabbits. Antisera and͞or egg yolk with high titer specific antibodies were collected. Total IgY was extracted from egg yolks. Rabbit antisera and IgY were used, with or without affinity-purification, for immunoblotting and immunocytochemistry. In these experiments, preimmune serum, unrelated total rabbit IgG, or preimmune IgY were included, as appropriate, for negative controls. Immunocytochemistry was performed on aldehyde-fixed frozen sections (10 m), except that unfixed frozen sections were found necessary and therefore were used for RPGR staining. Frozen sections were cut along the superior to inferior axis. Dissociated photoreceptor cells were prepared as described (15) . Both the chicken and rabbit RPGR antibodies gave similar staining patterns on immunoblots and on retinal sections, although the rabbit antibodies gave a better signal to noise ratio. Antibodies specific for the blue and green cone opsin were used as described (16) . Anti-glial fibrillary acidic protein (GFAP) antibodies were obtained from Sigma.
Histology and Electroretinogram (ERG) Analyses. Histology procedures and full-field rod ERG recordings were carried out as described (17) . Cone ERGs were elicited by full-field flashes and were recorded under light-adapted conditions based on the method of Peachey et al. (18) .We also recorded dark-adapted full-field ERGs in response to bright white flashes (19) to fit the initial segment of the a-wave to a mathematical ''component'' model that estimates parameters involved in rod photoreceptor transduction (20) .
Rhodopsin Quantification. Rhodopsin was determined spectrophotometrically by using total eye extracts as described (21) .
Results
Targeted Disruption of the RPGR Gene. We designed a knockout vector in which exons 4-6 were replaced by a selectable marker resulting in early truncation of the RPGR coding sequence. The selectable marker was a fusion gene for both neomycin resistance and for the Escherichia coli ␤-galactosidase. It contained no promoter and depended on the endogenous RPGR gene promoter for expression (Fig. 1a) . Transfection of this vector into mouse ES cells gave rise to multiple clones with targeted disruption of the RPGR gene as identified by genomic Southern blotting. Because the ES cells were male-derived and carried a single X chromosome, RPGR expression was ablated in all targeted clones (data not shown). Chimeric founders, derived from two independent ES clones, were crossed with C57BL͞6 mice. WT, heterozygous, and nullizygous KO offspring were produced at the expected Mendelian ratio. KO mice were fertile and indistinguishable in growth characteristics from WT and heterozygous littermates.
Northern blotting did not detect any RPGR transcript in tissues from KO mice (Fig. 1b) . With the more sensitive reverse transcription-PCR assay using a number of primer combinations, there were either little or no products (Fig. 1b) , indicating the mutant transcript was either unstable and͞or portions of the RPGR coding sequence were removed by aberrant splicing due to the large insertion. Importantly, in the rare transcript in which the inserted marker had been spliced out, sequencing of PCRamplified products showed that the coding sequence was out of frame beyond the insertion site. RPGR expression was also examined at the protein level by immunoblotting with RPGR antibodies. A 95-kDa protein was detected in the brain and retina (Fig. 1c) . This 95-kDa protein was also detected in a variety of somatic tissues, including liver, lung, kidney, and heart (not shown). An additional larger variant of 165 kDa was found only in testis. Both isoforms were absent in tissues from KO mice (Fig. 1c) , confirming ablation of RPGR expression in KO mice. The splicing pattern of the RPGR transcript was reported to be very complex, with numerous splice variants identified (12, 22) . However, the immunoblot data here indicate that a 95-kDa polypeptide represents the major RPGR gene product. Localization of RPGR to Photoreceptor Connecting Cilium. Tissue staining in RPGR-deficient mice for the ␤-galactosidase reporter, whose transcription was driven by the endogenous RPGR promoter, showed widespread expression in brain, where the particularly high expression in the CA1-CA2 region of the hippocampus stood in contrast to the lack of expression in the CA3 and the dentate gyrus. In the retina, expression was found in the ganglion and photoreceptor cell layers (not shown). We then performed immunocytochemistry to determine the subcellular localization of RPGR in normal retinas. On retinal sections, prominent staining was found at the junction between the inner and outer segments of photoreceptors, indicating staining of the connecting cilia (Fig. 2a) . The appearance of RPGR in developing retina was also consistent with the timing and location of the emerging connecting cilia. Thus, RPGR was detectable at postnatal day 3 at the apices of the developing photoreceptor layer and grew in intensity to adult levels by postnatal day 9 (Fig. 2b) . RPGR in other layers of the retina was likely to be of low abundance because, by immunofluorescence, the RPGR-deficient retinas differed from WT retinas only in the absence of connecting cilium staining (Fig. 2c) . Because mouse photoreceptors are overwhelmingly rods, we turned to the cone dominant ground squirrel retina (23) to ascertain whether RPGR was also localized in the cone connecting cilia. Western blotting confirmed that the RPGR antibodies raised against mouse sequence cross-reacted with the squirrel RPGR (Fig. 2d Lower) . On retinal sections, the staining pattern in this cone rich retina indeed indicated presence of RPGR in connecting cilia (Fig. 2d Upper) .
To gain better resolution, we immunostained photoreceptors that had been mechanically dissociated. These preparations contained mostly shaken-off rod outer segments attached to connecting cilia and often with a portion of the inner segments at the proximal end of the connecting cilia. Comparison of the fluorescence and Nomarski images confirmed staining of connecting cilia (Fig. 3) . This staining was absent in RPGR-deficient photoreceptors processed identically (not shown). We conclude that RPGR is concentrated in the connecting cilia of both rod and cone photoreceptors.
Retinal Disease in RPGR-Deficient Mice. The retinal morphology of RPGR-deficient mice was comparable to that of WT and heterozygous littermates at the completion of retinal development (Ϸ30 postnatal days). Retinal function, as measured by ERG, was also within the normal limits at the early age. However, both cone and rod photoreceptors exhibited subtle abnormalities. Blue and green cone opsins, normally localized in the outer segments, were found to partially mislocalize to the inner segment, perinuclear, and synaptic regions (Fig. 4a) . This defect was more pronounced at the retinal quadrants where the respective cone densities were the highest (i.e., superior retina for green cones and inferior retina for blue cones) (24) . Mislocalization of cone opsins was found as early as postnatal day 20, the earliest time point examined. Rhodopsin, the photopigment of rod photoreceptors, was not appreciably mislocalized by immunofluorescence. Quantification of rhodopsin by photobleaching difference spectra, however, showed that rhodopsin content in the outer segments was reduced in the RPGRdeficient mice (Table 1) . Immunostaining for a number of rod outer segment proteins, including cGMP phosphodiesterase, cGMP-gated cation channel, peripherin͞RDS, and arrestin (under both dark-and light-adapted conditions) did not reveal an appreciable difference in the localization pattern between RPGR-deficient and WT littermates.
Although retinal cell loss was not apparent in young RPGR- deficient retinas, staining for GFAP, which is up-regulated during retinal degeneration, indicated degenerative changes were already underway at two months of age (Fig. 4b) . Photoreceptor cell loss became substantial by 6 months of age, when a reduction of outer segment length and photoreceptor nuclear layer thickness (loss of two rows of nuclei on average) were noted (Fig. 5) . Ultrastructurally, the newly formed disk membranes at the base of photoreceptor outer segments were notably disorganized in the mutant mice. The structure of the connecting cilia appeared well maintained (Fig. 6) . Thus, RPGR does not appear to be required for the development or maintenance of the connecting cilium axoneme. Concomitant with morphologically apparent degeneration, ERG measurements also began to show abnormalities. Mean rod a-wave amplitude was reduced by 25% in the mutant mice (P ϭ 0.005) (Fig. 7a Left) . Cone a-waves in mice are too small to quantitate with these techniques. Cone ERGs showed b-wave amplitudes reduced on average by 31% (P ϭ 0.019) (Fig. 7a Right), consistent with cone cell loss. Component analyses based on responses to bright flashes of light (20) indicated a reduction in the mean slope of the rod a-wave response in the mutant mice (n ϭ 7) compared with WT mice (n ϭ 7) (Fig. 7b) , which appeared to be attributable to reductions in rod photoreceptor sensitivity (P ϭ 0.054) and maximal amplitude (P ϭ 0.083). Both are consistent with the observation of loss of outer segment membrane (i.e., fewer cells and shorter outer segments). Ocular findings in the two lines of RPGRdeficient mice were indistinguishable. Heterozygous females, being mosaic for WT and mutant photoreceptors and hence expected to develop a milder form of the disease, were not analyzed in detail.
Discussion
An important finding of this work is the subcellular localization of RPGR in the photoreceptor connecting cilia. Photoreceptor cells achieve efficient transduction of light to neural signals in part by the elaboration of a specialized organelle known as the outer segment, which is densely packed with stacked disk membranes containing abundant photopigment rhodopsin (in rods) or cone opsins (in cones). The outer segment is linked to the cell body (inner segment) via a connecting cilium, a thin structure analogous to the transition zone of motile cilia (25) . The outer segment is continually renewed by shedding the older portion at the tip and adding new membranes at the base. Therefore the connecting cilium is critically important for polarized transport of nascent proteins, including opsin (26) , from the inner to the outer segment. The outer segment has a vastly different protein composition, relative to the inner segment, that is geared toward efficient phototransduction. Rhodopsin, for example, is barely detectable in the inner segments but accounts for 85% of outer segment membrane proteins (27) . As such, the connecting cilium must also function as a diffusion barrier against redistribution (28) . Therefore, our finding that RPGR localizes in the connecting cilia is likely to be of major functional significance. If the ciliary fraction of RPGR alone carries out nonredundant functions in photoreceptors, it would help explain why the disease expression is largely limited to photoreceptors even although RPGR is widely expressed (8) .
In the absence of RPGR, the polarized distribution of cone opsins was compromised. Although we were unable to obtain direct evidence that a similar compromise also occurred in rod photoreceptors, the reduced rhodopsin content in the rod outer segments may have resulted from the same underlying defect. Unlike cones, rod outer segment disk membranes are pinched off from plasma membranes as they mature. Therefore, the bulk of rhodopsin is not available for lamellar diffusion back along the connecting cilium. Only the fractions of rhodopsin present in the plasma membrane of rod outer segments (27) and the growing disk membranes would be available for redistribution. Therefore, rods would be expected to have a milder phenotype than cones if the diffusion barrier is compromised. The reported interaction between cone opsin, but not rod opsin, with Ran binding protein 2 suggests the possibility of an additional pathway requiring RPGR in cones (29) . Without RPGR, photoreceptor cells develop normal morphology initially, are able to carry out phototransduction, and remain viable in the first few months of life. Thus, the ciliary function of RPGR does not appear to be central, but facilitative instead. However, over time, a partial mislocalization of opsins apparently reduces the viability of photoreceptors. In this sense, RPGR may be best described as a longevity gene required for the long-term maintenance of photoreceptors. The relatively more pronounced cone phenotype is in agreement with the clinical expression of RPGR mutations, which often manifest as rod-cone or cone-rod dystrophies. Interestingly, it has long been known that some families with X-linked RP manifest an association between retinal disease and motile ciliary abnormalities (30, 31) , and at least one such family has been shown to be carrying RP3 (32) . This suggests that RPGR may have a general ciliary role, albeit redundant, and that certain alleles of RPGR may result in an interfering mutant protein.
Patients carrying these alleles might present with RP in conjunction with an immotile cilia defect.
The presence of an RCC1 homology domain in RPGR, the localization of RPGR in the photoreceptor connecting cilium, and the phenotype of RPGR-deficient mice suggest a potential RanGTP-dependent mechanism that controls the directional movement of opsins against a steep concentration gradient across the cilia. As the guanine nucleotide exchange factor for Ran, RCC1 promotes the generation of RanGTP. Ran mediates a number of cellular processes, including nuclear import and export (10) . RanGTP serves both a signaling role and as an energy source for molecular motors that move cargo through the nuclear pore complex. A high local RanGTP concentration is necessary for its functioning. Cells normally maintain a steep gradient of high RanGDP in the cytoplasm and high RanGTP in the nucleus by virtue of sequestration of the RanGTPaseactivating protein and RCC1 in the cytosol and nuclei, respectively. Assuming the RCC1 homology domain of RPGR also catalyzes RanGDP to GTP exchange, RPGR will generate a high local concentration of RanGTP in the connecting cilium relative to the inner segment. This provides the conditions for a putative RanGTP-dependent process that drives the unidirectional movement of opsins, and a disruption of this process may be the basis of photoreceptor disease caused by RPGR mutations.
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